The effect of substitutional solute additions including Fe, Mn, and Pd on the hardness of B2-ordered NiAl alloys was investigated. The solid solution hardening behavior of intermetallics is more complex than that of typical metallic solid solutions because of complications arising from the site preference of the solute as well as the effects of the solute on the concentrations of other point defects, e.g. vacancies and anti-site defects. For this reason, care was taken to experimentally establish solute site preferences and point defect concentrations in the NiAl alloys before analyzing the hardness data. By taking these factors into account it was possible to rationalize the observed unusual hardening effects. Three distinct categories of solid solution hardening behavior were encountered. The first was hardening by the solute addition itself. This was observed in the case of Pd additions to AI-poor NiAl. However, when Fe or Mn is added to AI-poor NiAl a second category is observed; these elements are seen to soften the material. The third category of behavior is observed when Fe is added to NiAl with a constant AI concentration of 50 at. %. In this case it is vacancies, rather than solute atoms, which harden the material. Government retains a nonexcluove, royalty-free license to publish or reproduce the published form of this contnbution. or allow others to do so. for U.S. Government purposes."
Introduction
Efforts to improve the mechanical properties of intermetallic alloys often involve the use of interstitial or substitutional alloy additions. For example, in the case of nickel aluminides with the B2 crystal structure such alloying has been shown to significantly affect mechanical and physical properties including yield strength, diffusivities, creep strength, etc. [ 1, 2] .
Of interest in the present study will be the solid solution hardening (SSH) effects of substitutional alloy additions. The ordered nature of intermetallic alloys provides interesting complications in considering SSH which are not a concern in simple metallic solid solutions. One complication is that the solute addition may preferentially occupy one or more distinct sublattices affecting the hardness in different ways. For example, in the case of Fe additions to B2-ordered NiAl, the Fe atoms may occupy either the Ni or the AI sublattice depending on composition [3,4]. Another complication is that in many intermetallic compounds there are numerous point defects present, e.g. anti-site defects and vacancies [5] . These defects arise from constitutional as well as thermal sources and contribute their own hardening effects in the material.
For example, off-stoichiometric hardening in NiAl has been attributed to Ni anti-sites and vacancies at Ni-rich and Al-rich compositions, respectively [6] . Also, thermal vacancies play a strong role in controlling the hardness of FeAl [7, 8] . The addition of a solute element can significantly alter the concentrations of these point defects, strongly affecting the hardness in an indirect manner. With the presence of multiple types of hardening sources (solute elements as well as point defects), yet another question arises. Are the effects of multiple hardeners independent, or do they correlate in some fashion? It is clear that understanding SSH in intermetallic compounds is a challenging one.
In the present manuscript some of the above considerations will be addressed. Using the B2 NiAl phase as a matrix, the effect of substitutional additions including Fe, Mn, and Pd will be examined. The work on Fe-containing alloys has been conducted previously [9] , but will be used in this manuscript for comparative purposes. Attention will be given first to establishing the site occupations and defect concentrations that arise as a result of the alloying. This information will then be applied to interpreting the observed SSH effects.
Experimental
Seven alloys of composition Ni6,..,A140M, (where M = Mn or Pd and x = 0, 2.4, 6, and 12) were prepared from high-purity starting elements by arc melting on a water chilled copper hearth. Only the binary alloy and the Mn-containing alloys were subsequently drop cast into water chilled copper molds. The ingots were then given a homogenization heat treatment of 10 hours at 1250°C in vacuum (-10-4 Pa). A secondary heat treatment of 5 hours at 1000°C was given in a dynamic argon atmosphere followed by water quenching. Fine powder (-325 mesh) was prepared from the quenched ingots for x-ray lattice parameter measurements. Coarse powder (-40 +80 mesh) was prepared for density measurements. The ingots were also sectioned to produce hardness specimens and TEM specimens for the ALCHEMI (atom location by channeling enhanced microanalysis) analysis.
X-ray diffraction was performed using Cu K a radiation. Scans were taken over a 29 range of 50 to 138". Silicon was used as an internal standard. The lattice parameter was calculated using 6 to 9 peaks. Density measurements were performed using a helium pycnometer, yielding an uncertainty better than 0.1%. The measurements were made using a coarse powder to eliminate the problems with porosity in cast NiAl noted by Helfrich and Dodd [lo] . The hardness was measured using a Vickers indenter. Hardness values were converted to load over projected area and are reported in GPa. The ALCHEMI analysis was performed as part of a larger study [ 1 11, so the experimental details will not be given at this time. The technique used was similar to that developed by Anderson [12] .
The experimental procedures used in the investigation of the Fe-containing NiAl alloys can be found in our previous work [9] . The hardness values of these Fe-containing alloys were measured again as part of the present study. This was done so that all reported hardness values would be taken from the same experimental apparatus. The differences in the two data sets were small, with the data of the present study being consistently around 5 to 7% higher than the prior data.
Results and Discussion
Since it is imperative that the site occupancies of alloying elements and their effect on the concentrations of other point defects first be known before a discussion on SSH effects can be attempted, this section will be divided into two parts. The first will be related to site occupancies and point defects, while the second will be on the resultant hardening effects.
Site OccuDancies and Defect Concentrations
Point defects in NiAl consist mainly of Ni atoms on the A1 sublattice (Ni anti-site defects) and vacancies on the Ni sublattice; this is the so-called triple defect structure [5, 13] .
Deviations from stoichiometry are accommodated by Ni anti-sites at Ni-rich compositions and vacancies at Al-rich compositions [ 141. NiAl is a very strongly ordered compound and as a result there are relatively few thermal defects present compared to many other intermetallics [5, 15] . The solute-containing NiAl alloys considered in this manuscript lie in two different stoichiometric regimes. The first is the "Al-poor" alloys which have a constant 40 at. % Al. These alloys are characterized by the large amount of constitutionally necessary anti-site defects. The other regime is the "stoichiometric" alloys, having a composition of a constant 50 at. % Al. No constitutional defects are required in these alloys. The next concern is how the ternary addition affects the concentrations of other point defects in the material. In order to accommodate the deviation from stoichiometry in binary Ni60A140 it is necessary that 10 at. % Ni be present on the A1 sublattice as constitutional defects.
This can be represented by the following sublattice distribution notation: the lattice dilation is estimated to be 0.125. This is a strongly positive dilation compared to the others. This strong positive dilation is to be expected considering that Pd atoms are considerably larger than the host Ni atoms which they replace. These estimated lattice dilations are summarized in Table 1 .
The densities of the Fe, Mn, and Pd-containing alloys are shown in Fig. 2 . Pd increases the density of the alloys, while Fe and Mn lower the density. These trends are expected since in Table I The lattice dilations and hardening rates of point defects in solute- Using the lattice parameter and density data it is possible to determine the vacancy concentration of a given alloy. Chang and Neumann described this technique in detail in their review paper of point defects in B2 compounds [5] . The vacancy concentration (where the vacancy concentration is defined as the number of vacancies per total number of atoms in the crystal) was calculated for the alloys using the data in Figs. 1 and 2 . The results are shown in Fig. 3 . The vacancy concentrations are quite low for most of the alloys, 0.003 (0.3%) or less, except for the highest doped Mn alloy which had a concentration of 0.005 (0.5%). Nevertheless, the vacancy concentrations are relatively low, particularly when compared to the 50 at. % A1 alloys (also shown in Fig 3) which will be discussed in the following section. Solute Concentration (at. Yo) where only the case M = Fe will be considered at this time. We have defined these alloys as "stoichiometric" since no constitutional defects, i.e. vacancies or anti-site defects, are neces- Fig. 3 where the vacancy concentration increases from 0.003 (0.3%) to 0.013 (1.3%) as the Fe concentration increases from 0 to 12 at. %. This is a substantial increase in the number of vacancies and will prove to be important when considering the SSH effects of these alloys. 
Solid Solution Hardening in NiAl
As discussed in Section 3.1, the addition of a ternary alloying element to NiAI can result ized by taking into consideration the site occupancies and point defect concentrations, the SSH behaviors can be grouped into three categories: 1) hardening by the solute element itself, 2) softening, and 3) vacancy hardening. These three SSH behaviors will be discussed separately in the following sections.
3.2.1 Hardening bv the Solute Element Itself. Alloying elements classified in this category are similar to those in typical solid solutions in that the solute addition itself is responsible for the hardening. The specific case in this study is that of Pd added to Al-poor NiA1. These alloys had the composition Ni,,-,Al,oPd,. As discussed in Section 3.1.1, the sublattice distribution for these alloys is where AH is the increase in hardness, 'yx and cx are the hardening rate and defect concentration, respectively, of the defect of type x, and n is the total number of different types of defects. It is now possible to quantitatively rationalize the hardening data in Fig. 4 . The hardening rate of NiAl defects has been found to be approximately G/12 [15] where the shear modulus, G = 70 GPa [21] . Since the lattice dilation of PdNi defects was estimated earlier in this manuscript, it is possible to predict a hardening rate for these defects based on the linear relationship between the hardening rate and the lattice dilation [ 151. Using that relationship, a hardening rate between G/6 and G/8 is predicted. By using Eq.
[ l ] and the hardening rates of NiAl and PdNi defects, the hardness can be estimated as a function of Pd concentration. When this calculation was performed, it was found that Eq. [ 11 does indeed predict the hardening behavior satisfactorily. However, a hardening rate for PdNi defects of G/10 best described the data. This value is smaller than the predicted value, but is not excessively discrepant.
3.2.2 Softeninn. In Fig. 4 it was seen that Fe and Mn additions to Al-poor NiAl induced the unusual effect of softening rather than hardening. To understand why this softening occurs it is necessary to consider the effect of the solute additions on the concentrations of all of the point defects present in these alloys. Recall that the composition of these alloys was: Ni60-,A140M, NiAf. Since the amount of MNi defects has been found to be small [17, 18] and the hardening rate is expected to be small [9] , it is reasonable to ignore these defects in discussing the SSH effects. This being the case, there are two defects to consider: Ni anti-sites, NiAl, and what we will define as "solute anti-sites", MAL. In these 40 at. % A1 alloys it is necessary that the sum of the Ni and solute anti-site concentrations be 10 %. As a result, the concentration of Ni antisites decreases as that of solute anti-sites increases (that is, as solute is added to the material).
We know that the Ni anti-site is an effective hardener. It is now useful to estimate the hardening rates of the "solute anti-sites". In Section 3. and Mn anti-sites are expected to be considerably less potent hardeners than are the Ni anti-site defects. However, between the Fe and Mn anti-sites, the Mn anti-site should be the more potent hardener. By regarding the relative hardening rates it is now possible to rationalize why softening has been observed in these alloys. Consider, as solute is added to AI-poor NiAl the solute anti-site atoms begin to replace the Ni anti-sites. Less potent hardeners replace more potent hardeners, the net result being the observed softening effect seen in Fig. 4 . This idea was first proposed to describe the effects of Fe additions [9] , but now appears to be equally effective for describing the effects of Mn additions.
*
It is interesting to see whether Eq. [ 13 adequately describes the softening behavior. We will use the known hardening rate of Ni anti-sites, and the anti-site concentrations as determined from ALCHEMI data [17, 18] . With this information, we can use Eq.
[l] to optimize the hardening rates of the Fe and Mn anti-site defects. The result is shown in Fig. 5 where the hardness as calculated from Eq. [ 11 is plotted against the square root of the Ni anti-site concentration along with the experimental data. It is seen that the equation describes the hardness data fairly well for both Fe and Mn additions. The optimized hardening rates of G/20 and <G/50 for Mn and Fe anti-sites, respectively, are well within the ranges estimated from the lattice dilations (see Table 1 ) and agree with the prediction that the Mn anti-site would be a more potent hardener than the Fe anti-site. Further, note that the hardness of the Fe-containing alloys is seen to fall along a line when plotted against the square root of the Ni anti-site concentration. Fig. 4 cannot be rationalized by either FeNi or FeAl defects since these are expected to be relatively weak hardeners [9] . Instead, it was proposed that the hardening is occurring as a result of the increasing vacancy concentration. Vacancies are known to cause significant hardening in B2 intermetallics, having hardening rates on the order of G/4 [15] . As a result of the vacancies being such potent hardeners, when Eq.
[ l ] is used to describe the hardness data it becomes apparent that the only important term is that of vacancies.
Thus, Eq.
[ 13 reduces to a simple square root dependence of the hardness on the vacancy concentration. This is seen when considering Fig. 6 where the hardness of these Fe-doped stoichi- 
1.
Solid solution hardening by Fe, Mn, and Pd additions to B2-ordered NiAl was considered. Careful attention was given to establishing solute site occupancies as well as to I measuring point defect concentrations affected by the solute additions.
2.
The different site occupancies as well as the different effects on point defect populations of the various solute additions led to unusual hardening effects. These can be grouped into three distinct categories: hardening by the solute element itself, softening, and vacancy hardening.
3.
In the case of AI-poor NiAl alloys with Pd additions, the Pd was found to exclusively occupy the Ni sublattice. These PdNi defects were effective hardeners due to a substantial lattice dilation. This is a case of hardening by the solute element itself.
4.
Softening was observed in Al-poor alloys with either Fe or Mn additions. The Fe and
Mn atoms preferentially occupy the A1 sublattice, replacing the Ni anti-site defects located there. Since the Fe and Mn anti-sites are considerably less potent hardeners than the Ni anti-sites, a net effect of softening was observed.
5.
In the case of Fe added to NiAl with a constant AI concentration of 50 at. %, the observed hardening with increasing solute concentration results from the corresponding increase in vacancy concentration rather than from the increase in the concentration of the Fe additions themselves.
